than 600 eukaryotic proteins (for a review, see Aasland et al., 1995). In particular, PHDs are often found in pro-and Joel P. Mackay* School of Molecular and Microbial Biosciences teins that function in the formation, maintenance, or regulation of chromatin structure, and are thought to University of Sydney Sydney, New South Wales 2006 function as protein interaction domains in this context. For example, the PHD fingers of human MLL can both Australia mediate homodimerization and bind to Cyp33, a nuclear cyclophilin (Fair et al., 2001). Recently, a region of the corepressor KAP-1 incorporating its tandem PHD finger Summary and bromodomain was found to repress transcription and be essential for the interaction of KAP-1 with Mi-The design of proteins with tailored functions remains 2␣ (Schultz et al., 2001). In addition, several PHDs have a relatively elusive goal. Small size, a well-defined been implicated in the ubiquitination pathway, and in structure, and the ability to maintain structural integfact appear to function as E3 ubiquitin ligases (Boname rity despite multiple mutations are all desirable properand Stevenson, 2001; Coscoy and Ganem, 2003; Manties for such designer proteins. Many zinc binding dosouri et al., 2003). One such example is the PHD domain mains fit this description. We determined the structure of the kinase MEKK1, which has been shown to exhibit of a PHD finger from the transcriptional cofactor Mi2␤ E3 ubiquitin ligase activity toward the kinase ERK2 both and investigated the suitability of this domain as a in vitro and in vivo (Lu et al., 2002). scaffold for presenting selected binding functions. The
CtBP2 both in vitro and in cellular assays. These results a cross-brace ligation scheme (Grishin, 2001) and it was evident that the thiol groups from C12, C15, and C35, highlight the robustness and adaptability of zinc binding domains and pave the way for their use as protein design together with the N ␦1 proton of H32, composed the first zinc coordination sphere (see Figure 1 for numbering scaffolds. scheme). This was further confirmed by measuring the chemical shifts of the histidine side chains in a 2D 1 H-Results 15 N HSQC spectrum. While the preliminary structures indicated that C27, C50, and C53 formed part of the Mi2␤-P2 Forms Structure in a second site, both C23 and C24 were possible fourth Zinc-Dependent Manner ligands. In order to determine the identity of the fourth PHDs from the corepressor KAP-1 and the human Willigand, we incorporated distance restraints that defined liams-Beuren syndrome transcription factor (WSTF) either C23 or C24 as the fourth zinc ligand. Structures have previously been shown to ligate two zinc atoms calculated on the assumption that C24 was involved in through seven conserved cysteines and one histidine metal coordination not only exhibited a lower overall (Capili et al., 2001; Pascual et al., 2000) . In order to target function, but also contained far fewer NOE violaascertain whether Mi2␤-P2 (residues 446-501; Figure 1) tions around the second zinc site. Subsequent calculaalso ligates zinc, we purified the domain to homogeneity tions were carried out using the ARIA protocol and these using GSH affinity and ion exchange chromatography, included two zinc atoms as well as additional constraints dialyzed the protein into a zinc-free buffer, and subdefining tetrahedral coordination. The remaining ambigjected the sample to atomic absorption spectroscopy uous NOEs were introduced iteratively in ARIA in an (AAS). A ratio of 2.3 Ϯ 0.2 zinc atoms per protein moleautomated manner. The 20 lowest energy structures cule was obtained, in agreement with previous data. from the final ARIA calculations were chosen to repre-In previous studies of the PHDs from KAP-1 and sent the solution structure of Mi2␤-P2 (Figure 2A ). Struc-WSTF, the addition of the metal chelating agent EDTA to tural statistics for the ensemble are given in Table 1 . the folded PHD resulted in a complete loss of secondary structure (Capili et al., 2001; Pascual et al., 2000) . In contrast, it appears that the affinity of Mi2␤-P2 for Zn(II)
The Three-Dimensional Structure of Mi2␤-P2 is substantially higher; the addition of EDTA up to 1 mM Mi2␤-P2 adopts a compact globular fold that incorpodid not affect the fold of the protein, judging from circular rates two zinc atoms in a cross-braced manner (Figure dichroism spectra (data not shown). One-dimensional 2B). The two zinc atoms are on average located 15.0 Ϯ 1 H NMR spectra of samples obtained with or without 0.7 Å apart. The 8 metal binding residues can be considthe use of EDTA in the purification protocol (recomered as four pairs: C12 with C15, C24 with C27, H32 mended for the use of PreScission protease) were eswith C35, and C50 with C53. In this arrangement, the sentially identical; both displayed the good chemical first and third pairs form the first zinc coordination site shift dispersion and narrow line widths indicative of a while the second and fourth pairs form the second. The folded 6 kDa protein domain. first pair is contained within an ordered but irregular 14 residue loop that continues into the first strand of a short but highly twisted two-stranded ␤ sheet (consisting of Structure Determination Full spectral assignment and the solution structure of L22-C23 and S30-Y31). The strands of the ␤ hairpin are connected by a 7 residue loop that bears the second Mi2␤-P2 were determined using mostly homonuclear NMR methods. The quality of TOCSY and NOESY spec-pair of zinc-ligating residues; these coordinate the second zinc ion. Following the ␤ sheet is another bend tra was high and, following iterative cycles of manual NOE assignment and structure calculations in DYANA that supplies the histidine (H32) and the fourth cysteine ligand (C35) to the first site. An extended flexible loop (Guntert et al., 1997), a preliminary global fold of the domain was determined. No reference to metal ligation (N36-L49) then follows and this concludes with the last pair of cysteines, completing the second zinc site. In was included in the calculations at this stage, so that the residues involved in zinc binding could be identified some members of the ensemble (5 out of 20), a short ␣-helical segment (P51-C53) is also observed. Apart in an unbiased manner. Preliminary structures revealed from the short ␤ sheet and ␣ helix, there are no other In L1-CHD3 and L1-WSTF, we exchanged L1 for the corresponding regions from the second PHD domain in regular elements of secondary structure and the PHD is largely made up of extended and irregular loops. The C. elegans CHD3 (Woodage et al., 1997) and human WSTF, respectively. L1-X3 and L1-X6 contained ex-overlay of the 20 lowest energy structures (Figure 2A ) identifies two flexible regions, K16-E20 and P44-L49, panded versions of L1, with three and six extra amino acids inserted in the center of the loop, respectively. within the otherwise well-defined structure (rmsd ϭ 0.37 Å over residues 9-15, 21-43, and 50-53 for back-An analogous set of mutants was made in L3 with an additional mutant L3-X9 that had nine amino acids in-bone atoms C ␣ , CЈ, and N). In contrast, the two zinc binding sites are very well ordered. Numerous hydrogen serted in the center of L3. Each of the mutants was overexpressed and purified as described for the wild-bonds and hydrophobic interactions appear to stabilize the structure, especially across the ␤ sheet. Y31 and type Mi2␤-P2 domain. Atomic absorption spectrometry revealed that all mutants bound two molar equivalents W48 form the center of the hydrophobic core, packing against L21, L22, S29, S30, H32, and L36.
of Zn(II) (data not shown), and far-UV circular dichroism spectra of the mutants indicate that all nine have similar secondary structure content to the wild-type domain Comparison with the PHDs from WSTF (data not shown). One-dimensional 1 H NMR spectra ( served, suggesting that there has been little perturbation show that they share 43%-53% conserved residues (exof the overall fold. One change that can be seen in the cluding zinc-ligating residues). Apart from the L1 loop spectra of the L3 extension mutants (L3-X3, L3-X6, and (which varies in length from 8 to 11 residues), all interven-L3-X9) is the presence of some additional signals with ing sequences between the conserved cysteines and intensities ‫%52-%02ف‬ of the main signals (indicated histidine are the same length for the three PHDs. An with arrows in Figure 4 ). The chemical shifts and line overlay of the backbone of the structured regions of widths of these additional signals indicate that they cor-Mi2␤-P2 (residues 9-15, 24-43, and 48-53) with WSTFrespond to an additional conformer that is both struc-PHD and KAP-1-PHD is shown in Figures 2C and 2D , tured and monomeric, although we did not characterize respectively. The rmsd's for overlays over ordered backthis form in more detail. bone atoms (N, C ␣ , and CЈ) is 2.5 Å for Mi2␤-P2/KAP-1
In order to assess whether the mutants adopted the and 3.6 Å for Mi2␤-P2/WSTF. Not surprisingly, the pressame fold as the wild-type Mi2␤-P2, we determined the ence of 3 extra residues in the first loop in WSTF-PHD solution structure of the substitution mutant L3-WSTF. results in a significantly worse alignment with Mi2␤-P2. Figures 5A and 5B show that the structure is indeed In particular, the orientation of the L1 loop is substanpreserved in the mutant. L3-WSTF overlays with tially shifted. In all cases, the interzinc distance is Mi2␤-P2 with an rmsd (over backbone CЈ, N, and C ␣ 14-15 Å , while the rmsd of backbone atoms of the hyatoms) of 1.75 Å . The backbones of Mi2␤-P2 and L3drophobic ␤ hairpin core and zinc sites is 0.9 Å . A close WSTF overlay well with each other except for a small examination of the three structures reveals many side difference observed at residues 20-22 and 43-46, which chain hydrophobic contacts present in Mi2␤-P2 are also correspond to the two flexible regions. conserved in KAP-1-PHD and WSTF-PHD, including contacts involving W48, Y31 (replaced with phenylalanines), L21, and L22 (replaced with valine and isoleucine, Introducing a New Function into Mi2␤-P2 respectively). These hydrophobic residues, together Given this result, we sought to introduce a new function with the zinc-ligating residues that are stabilized by the into the Mi2␤-P2 domain. Many transcriptional represzinc atoms, provide PHDs a common structural scaffold. sors contain the motif PXDLS, where X is any residue. Apart from L1, another region where the three structures It is known that the transcriptional corepressor CtBP2 deviate significantly is around the middle of L3 (between binds to this motif (Turner and Crossley, 2001) and rethe third and fourth pairs of zinc-ligating residues). It is pression is then brought about by mechanisms that are notable that both regions correspond to the disordered not well understood. In order to see whether we could regions identified from the lowest energy structures of create a novel CtBP2 binding domain based on Mi2␤-P2, Mi2␤-P2. In sequence alignments, these regions are we created a tenth mutant, L3-PVDLS (Figure 3 ), in which highly variable in terms of both length and amino acid the sequence PVDLS was inserted into L3 between resicomposition, and it is likely that these residues impart dues 45 and 46. L3-PVDLS gives a 1D 1 H NMR spectrum function to PHDs. that is very similar to those of L3-X6 and L3-X9, indicating that it is able to form a well-ordered structure and that it is probably monomeric. A GST pull-down assay Engineering Variation in the Flexible Loops of Mi2␤-P2 revealed that GST-L3-PVDLS was able to specifically pull murine CtBP2 out of a bacterial cell lysate, while Having established that the L1 and L3 loops of Mi2␤-P2 exhibit some flexibility, we next sought to determine neither wild-type Mi2␤-P2 nor L3-X6 exhibited significant binding ( Figure 6A) . To confirm the specificity of how tolerant the fold was to changes in both of these regions. First, we created nine variant domains with sub-this interaction, we used a yeast two-hybrid assay in which L3-PVDLS and CtBP2 were fused to the activation stitutions or expansions in loops L1 and L3 (Figure 3) . Figure 6B ) demonstrated that the L3-PVDLS:CtBP2 interaction could occur in the context of reliant on disulfide bonds, and have been used successfully in phage display screens, and the variety of struc-a eukaryotic nucleus. tural motifs available increases the opportunity of selecting a suitable scaffold for a given target.
Discussion
From the data available, it appears that PHDs most likely act as binding motifs that contact proteins and/or One of the striking aspects of zinc binding domains is other biomolecules. It has been suggested that the that they have evolved to make contacts with a wide specificity for binding different targets may be imparted the solution conformation of Mi2␤-P2, we were able to ple zinc fingers, which may act either to alter DNA bindgenerate a family of mutants in which L1 and L3 were ing specificity, to allow the crosslinking of multiple proeither expanded or substituted. Further, we successfully tein partners, or both. It has also been shown that, for introduced a novel binding function into Mi2␤-P2, turnat least two separate classes of zinc binding domains ing it into a CtBP2 binding protein. (Michael et al., 1992; Sharpe et al., 2002) , ‫%08-%07ف‬ This work demonstrates that the structural plasticity of the amino acids can be mutated to alanine without of the L1 and L3 regions can be exploited to introduce disrupting the structure. This modular nature and tolernew binding functions into the domain. The existence ance to mutation has been successfully exploited in a of a wide range of L1 and L3 sequences in existing large number of studies that have used phage display PHDs, together with the diversity of proteins in which methods combined with structural information to engi-PHDs are found, points to the likelihood that PHD fingers neer zinc finger arrays that recognize specific DNA sequences (reviewed in Choo and Isalan, 2000) . The prop-might constitute suitable scaffolds for mutation by expansion and/or substitution to create a wide range of these desirable properties. It is small, has a well-structured core that contains two zinc ions, and carries two new binding proteins. As such, PHD fingers offer several variable and flexible loop regions. We have shown that advantages over other described systems as protein these loops tolerate both substitution and extension scaffolds. The small size of PHDs offers the possibility mutations without compromising the overall fold of the of transporting designed versions into cells, while their domain. Further, specific binding functions can be introstructural stability should ensure both that a wide range duced into the loops to create novel binding proteins of mutational challenges (which will be necessary to that are functional both in vitro and within eukaryotic create functional diversity) can be tolerated and that cells. These results indicate that the PHD domain reprethey will be relatively resistant to degradation. This is sents a promising candidate for a good scaffold for generally not the case with small peptide aptamers, protein design or redesign. where small sequence changes are more likely to cause conformational changes in the scaffold. Further, the of 50, 200, and 250 ms. The protonation state of the histidine side Structure Calculations NOE-derived distance restraints were obtained from the 2D 1 H-chains was carried out as described (Pelton et al., 1992) . For stereospecific assignments and φ angle restraints, 2D NOESY and TOCSY NOESY spectra and calibrated using the CALIBA module of DYANA (Guntert et al., 1997) . Dihedral angle restraints for φ angles were spectra (with m 's of 50 and 35 ms, respectively) were analyzed. 3 J HN,H␣ coupling constants were obtained using the program INFIT set to Ϫ60 Ϯ 40Њ for 3 J HN,H␣ Ͻ 6 Hz and Ϫ120 Ϯ 40Њ for 3 J HN,H␣ Ͼ 8 Hz. φ and 1 constraints were obtained as described previously (Liew (Szyperski et al., 1992) . All NMR data were processed using XWINNMR (Bruker) and analyzed with the program XEASY (Bartels  et al., 2000) . Three additional angle constraints were included using methods described in Gagne et al. (1994).  et al., 1995) . 2 and 3 contain wild-type Mi2␤-P2, lanes 4 and 5 contain L3-PVDLS, and lanes 6 and 7 contain L3-X6. CtBP2 cell lysate was added to lanes  3, 5, and 
